Particle production in the forward region of heavy-ion collisions is shown to be due to parton recombination without shower partons. The result reproduces the data from BRAHMS on the p T dependence that is exponential. The production of protons exceeds that of pions by 2 orders of magnitude. It is predicted that the particles produced at any p T have no associated particles to manifest any jet structure.
In an earlier paper [1] we studied the problem of hadron production in the transfragmentation region (TFR) in heavy-ion collisions. It was stimulated by the data of PHOBOS [2] that show the detection of charged particles at η ′ > 0, where η ′ = η −y beam . We broadly refer to the η ′ > 0 region as TFR. However, since the transverse momenta p T of the particles were not measured, it has not been possible to determine the corresponding values of Feynman x, in terms of which TFR can more precisely be defined as the region with x > 1. More recently, BRAHAMS has analyzed their forward production data at √ s = 62. 4 GeV with both η and p T determined [3] . It is then possible to interpret BRAHMS data by applying the formalism developed in [1] , which is done entirely in the framework of using momentum fractions instead of η. In this addendum to [1] , we calculate the proton and pion distributions in p T and conclude that there should be no jet structure associated with the particles detected at any p T in the forward region.
In [1] the x distributions of p and π have been calculated for 0.6 < x < 1.2 in the recombination model [4, 5, 6] , taking into account momentum degradation of particle constituents traversing nuclear matter [7] and the recombination of partons arising from different beam nucleons. No consideration has been given to transverse momentum, which is the subject of our concern here.
In the following we use forward production to refer specifically to hadrons produced at x > 0.5, with the fragmentation region (FR) being 0.5 < x < 1, and TFR being x > 1. Any hadron produced in the TFR cannot be due to the fragmentation of any parton because of momentum conservation, since no parton can have momentum fraction > 1, if we ignore the minor effect of Fermi motion of the nucleons in a nucleus. In the FR hadrons with any p T that are kinematically allowed can, in principle, arise from the fragmentation of hard partons; however, the momenta of those hard partons must be even higher than the detected hadrons in the FR, and the probability of hard scattering into the region near the kinematical boundary is severely suppressed [8] . Moreover, there is the additional suppression due to the fragmentation function from parton to hadron. Thus the fragmentation of partons at any p T in the FR (despite the nomenclature that has its roots in reference to the fragmentation of the incident hadron) is highly unlikely, though not impossible. The issue to focus on is then to examine whether there can be any hadrons produced in the FR with any significant p T .
If so, then such hadrons at any p T would not be due to fragmentation and would therefore not have any associated jet structure.
In contrast to the double suppression discussed above in connection with fragmentation, recombination benefits from double support from two factors. One is the additivity of the parton momenta in hadronization, thus allowing the contributing partons to be at lower
x where the density of partons is higher. The other is that those partons can arise from different forward-going nucleons, thus making possible the sum of their momentum fractions to vary smoothly across x = 1, thereby amalgamating FR with TFR. Since the longitudinalmomentum aspect of the problem has already been treated in [1] , what remains for us to study here is the transverse-momentum aspect of the problem and to show that the p T distribution in the BRAHMS data [3] can be reproduced.
Ignoring the negligible contribution from hard scattering, we can write the inclusive distribution of hadron h in the factorizable form
The longitudinal part, H h (x), is described in [1] , so we shall simply adopt the results obtained there. For the transverse part, V h (p T ), we follow the same type of consideration as developed in [6] , where particle production at intermediate p T is shown to be dominated by the recombination process. Similar work in that respect has also been done in [9, 10] . In the absence of hard scattering there are no shower partons. Without shower partons there are only thermal partons to recombine. Thus for pion production we have T T recombination, while for proton we have T T T recombination, where T represents the thermal parton distribution [6] T (p 1 ) = p i dN
In the above equation p i is the transverse momentum of ith parton (the subscript T being omitted for brevity); C i and T are two parameters as yet undetermined for the forward region in Au+Au collisions. In view of the factorization in Eq. (1) we use the term thermal in the sense of local thermal equilibrium of the partons in the co-moving frame of a fluid cell whose velocity in the cm system corresponds to the longitudinal momentum fraction x.
Limiting ourselves to only the transverse component, the invariant distributions of produced pion and proton due to thermal-parton recombination are
where the proportionality factors that depend on the recombination functions are given in [6] . At midrapidity, thermal and chemical equilibrium led us to assume C q = Cq, and we have been able to obtain p/π ratio in good agreement with the data. Now, in FR and TFR we must abandon chemical equilibrium, sinceq cannot have the same density as q, when
x is large. But we do retain thermal equilibrium within each species of partons to justify Eqs. (3) and (4) for the p T dependence. We join the longitudinal and transverse parts of the problem by requiring
where F q (x i ) and Fq(x j ) are the quark and antiquark distributions in their respective momentum fractions already determined in [1] . Equation (5) connects the parton density from the study of the longitudinal motion to the thermal distribution in the transverse motion.
Substituting those relations into Eqs. (3) and (4), and letting F q (x i ), Fq(x j ), and other multiplicative factors be absorbed in the formulas for H h (x) developed in [1] , we obtain for the transverse part of Eq. (1)
where c π and c p are two proportionality constants to be determined by normalization integrals.
The exponential factors in the above equations give the characteristic behavior of hadrons produced by the recombination of thermal partons [6, 8, 11] . Such exponential behavior is overwhelmed by power-law behavior at intermediate p T due to thermal-shower recombination when x is small and when light quarks contribute to the hadrons produced. However, when
x is large, the shower partons are absent due to the suppression of hard scattering, so the exponential p T dependence becomes the prevalent behavior in the forward region. Since the data of BRAHMS [3] exhibit the p T distribution for a narrow range of η around 3.2, we can readily check whether Eqs. (6) and (7) are in accord with the data. We consider only the most central collisions for which H π (x) and H p (x) are parameterized in [1] . The data of the p T distribution in [3] are given for average charged particle (h + + h − )/2. We assume that the charged particles are dominated pions and protons, so we use (p + π + + π − )/2 to fit the data.
To relate the data taken within the narrow band bounded by η = 3.2 ± 0.2 to the x value in the range of p T of interest, we identify η with y and use
where we take p T = 1.5 GeV/c as the representative value for the range 0.5 < p T < 2.5
GeV/c in which data are given. The corresponding values of x for pion is x π = 0.59 and for proton, x p = 0.69. Thus the p T dependence given by the data at η ≈ 3.2 is for hadrons produced in the FR. There are some particles produced in the TFR, but their p T values are not given.
Knowing x π and x p contributes to our ability to determine H π (x π ) and H p (x p ). However, the momentum degradation effect, parameterized by κ in [1] , due to the energy loss of foreward-going constituents of the projectile nucleons was not determined phenomenologically. Now, with the p T dependence given by [3] , we can do more. First, let us return to Eqs. (6) and (7) and require
so that upon a similar integration of xdN h /p T dp T dx we can recover H h (x). We then obtain
Using these in Eqs. (1), (6), and (7) we can fit the data [3] by varying T and κ, where κ appears in H π (x π = 0.59, κ) and H p (x p = 0.69, κ). The latter are parametrized in [1] for κ = 0.6 and 0.8. We assume exponential dependence on κ and obtain
The results of our fits are shown in Fig. 1 , where the proton and pion distributions are given separately; the charge combination h ch = (p + π 
The excellent fit gives support to our approach of accounting for hadrons produced up to p T = 2.5 GeV/c at η ≃ 3.2 in the absence of hard scattering.
Our result has the following implications. First, recombination is an effective means of hadronization in the forward region. Second, the production of protons is far more efficient then the production of pions. That is not surprising since it is consistent with the result already obtained in [1] due to the scarcity of antiquarks in the FR and TFR. Here, we can determine the p T dependence of the proton-to-pion ratio, R p/π , as shown in Fig. 2 . It is linearly rising above p T = 1 GeV/c and is at the remarkable level of 100 at 2 GeV/c. If it were possible to identify the particles, the experimental ratio would render an immediate check on our prediction. Any model based on fragmentation, whether the transverse momentum is acquired through initial-state interaction or hard scattering would necessarily lead to the ratio R p/π ≪ 1, by virtue of the nature of the fragmentation functions.
The third implication is that, since the particles are produced by the recombination of thermal partons only, there can be no jet structure associated with any hadron at any p T .
That is, for a particle (most likely proton) detected at, say, p T = 2.5 GeV/c, and treated as a trigger particle, there should be no associated particles distinguishable from the background. This is a prediction that does not depend on particle identification, and can be checked by appropriate analysis of the data at hand.
To summarize, we have extended the study of particle production in the FR and TFR to intermediate p T and have shown that the data of BRAHMS for forward production can be reproduced for all p T . The hadronization process is recombination and the p T dependence is exponential, reflecting the thermal origin of the partons. We predict that the exponential behavior will continue to higher p T even beyond the boundary separating FR and TFR.
The charged particles produced are predominantly protons. The p/π ratio rises linearly to above 100 for p 
